Over the years, Neuromuscular Electrical Stimulation has successfully been used for generating muscle contractions for limb movements and rehabilitation. Although single pair of electrodes has been the standard practice for stimulation, recently there have been some researches on the use multi field array electrodes for electrical stimulation.
Introduction
Neuromuscular Electrical Stimulation (NMES) has long been researched as a method for generating muscle contraction for limb movements. Many types of prosthetic devices which use electrical stimulation (ES) methods such as functional electrical stimulation (FES) , both in open loop and closed loop control domains have been developed [1] . ES has also used successfully for the rehabilitation. Ambrose and Wilmarth have observed improved gait balance of a 21 year old patient with foot drop due to a peripheral nerve injury [2] . Through muscle stimulations that were targeted to enhance facial control, Alakram and Puckree have observed an increase in House-Brackmann score due to ES at the early stages of Bell's palsy [3] . It has also been reported that the risk of using FES are minimal and most of the time include only some mild skin irritation from the electrodes and muscle soreness from increased muscle contraction [2] .
An area which also could benefit from ES is the assisting of facial expressiveness. Facial Action Coading System (FACS), developed by Ekman and Friesen [4] , which describes facial expressions as Action Units (AUs) is widely used in facial expression research. They used the corresponding facial muscle activity to describe AUs making the FACS an anatomy based system. Waller et al. (2006) have reported that intramuscular electrical stimulation results in appearance changes in line with FACS AUs [5] .
Facial expressions, which are produced by the actions of the facial muscles, are controlled by the electrical signals sent through the facial nerve; the seventh (VII) of twelve paired cranial nerves [6] . The degrading or disappearing of these voluntary muscle activity is called the facial paralysis. It could be caused by many reasons and the most frequent cause for the facial paralysis; the Bell's Palsy, which is considered idiopathic, accounts for almost three quarters of all acute facial palsies. Overall it records 0.5 per year per 1000 with a recurrence rate of 7% and a life time prevalence of 0.64% to 2.0% [7] . The effects of facial paralysis could be temporary or permanent and the affected area could be unilateral or bilateral. In the case of temporary paralysis, the average time of recovery can vary from fifteen days to four years. The facial paralysis can dramatically change the shape of the face. The cosmetic and functional sequelae includes; loosing the symmetry of the face in hemifacial paralysis due to drooping of the ipsilateral face and the consequent deviation of the nose to the contralateral side of the face, oral dysfunction, muscle contractures, nasal obstruction, dysgeusia, dysesthesia and synkinesis [8, 9] . Nowak et al. (2005) have verified with patients with Bell's palsy that compound muscle action potential (CMAP) evoked by electrical stimulation can reach as much as 86% of the unaffected side, a significant improvement that can help to balance the asymmetry of a hemifacial paralyzed face [10] . Jayatilake and Suzuki (2008) introduced the Robot Mask for facial paralyzed patients to support the expressiveness [11] . This system works on the principal of attaching wires and pulling the skin towards anatomically selected directions. They have also proposed a series of linear actuators to produce the required skin displacement [12, 13] . However, external pulling have limitations. It can not produce circular motions such as the motion of Orbic-ularis oris and Orbicularis oculi. It also can not produce pushing like actions such as "lips turned outward". On the other hand, ES based AUs can help to minimize these limitations. However, to use ES to get AUs, precise electrode positioning is essential.
Array electrodes have many advantages in selective innervation of closely distributed bunch of nerves. In this study, we have designed a 16 fields partially flexible platinum electrode array. The closely packed electrode array, which is suitable for intracranial stimulations, provides a higher selectivity while being unobtrusive. We investigated the use of above array electrode to contract facial muscles, selectively. Furthermore, we found it is possible to have a current based control model to control the amount of muscle contraction. We also found that multiple facial muscles could be contracted by simultaneously stimulating multiple pair of electrodes. In this paper, we present the outcome of those preliminary studies that could pave the way to a successful implementation of externally stimulated facial expressions.
The Array Electrode
This study concentrates on the development of an unobtrusive interface to generate facial expressions. Since the facial muscles are situated at the visible are of the face, it is not possible to place the electrodes over the muscles as it is normally done in FES. However, the facial nerve passes through the parotid gland before branching out to different facial muscles [6] . Therefore by locating the electrodes near the parotid gland, it could be possible to contract any of the facial muscles through Electrical Nerve Stimulation (ENS). However, when considered the density of the branches of the facial nerve near the parotid gland, in order to achieve selectivity, the electrodes need to be small in size. If the stimulation is done with a single pair of electrodes, due to the small size of the facial nerve, precise positioning of the electrodes would be hard and time consuming. Furthermore, since some conductive gel is used at the interface between the electrode and the skin, thorough cleaning after each and every attempt becomes essential. Moreover, in order to obtain wide range of facial expressions, a number of pair of electrodes will be required, making the setting up time even longer. However, if a number of electrodes were placed on an array like configuration, even though some electrodes could be redundant, the setting up time would be greatly reduced and evaluation of different stimulation locations would become very convenient.
As shown in figure 1 . 
Selective Facial Nerve Stimulation
The selective facial nerve stimulation attempts to create AU like muscle contractions through the isolation of branches of the facial nerve at the parotid gland. For that, we conducted three basic studies: determining the stimulation parameters, generating a stimulation map and evaluating current control of generated muscle contractions. is adequate to obtain a significant muscle contraction without any uncomfortableness. Also we found, for these electrodes, in order to have a stable muscle contraction with out any twitching feeling, the stimulation frequency has to be between 20∼40 [Hz] . To obtain a better interaction between the skin and the electrodes, thin hydro-gel layers were placed right under the electrode elements of the array. Furthermore, to ensure better selectivity and avoid any charge spreading, care was taken not to allow any gel bridging under the electrodes. All the experiments were performed on a 33 year old healthy male subject and the duration of a complete stimulation session was limited to a maximum of one hour.
Stimulation Parameters
In this study two commercially available electrical stimulatiors were employed and the stimulations were done within the recommended settings. Furthermore, with respect to the privacy and the rights, the informed written consent of the test subject was obtained.
Stimulation Map
The stimulation map was prepared to evaluate our hypothesis of: "it is possible to generate muscle contractions along AUs through selective distal stimulation". To evaluate this, by interchanging the anode and the cathode, 22 different stimulation combinations on 11 different pair of electrodes were evaluated qualitatively. The 11 pairs were selected randomly from the 378 possible combinations available for the 28 electrodes. The qualitative assessment was done by recording the muscle contractions and interviewing the subject after each stimulation trial. The muscle contractions were evaluated at the facial muscle directions of zygomaticus minor, zygomaticus major, platysma, risorius, depressor anguli oris and orbicularis oris. Of the 22 combinations, (1-4) and (13-4) have resulted in very strong muscle contractions in the direction of zygomaticus minor, where as (16-4) and (4-16) have resulted in very strong muscle contractions in the direction of zygomaticus major. (4-16) has also resulted in eliciting a strong muscle contraction towards a direction in between risorius and depressor anguli oris. Furthermore, (16-1) has resulted in tightening the cheek and (19-16) has resulted in turning the lower lip outwards. Figure 2 shows the dominant patterns for the mapping between stimulated electrode pair and the resulted muscle contraction. The electrode pairs are shown according to their grid location and the + and -signs inside the elec- In this experiment, rather interestingly, we found that not only the electrode pair and the stimulation current amplitude, but also the polarity has a significant influence on the resulted muscle contraction. Figure 3 shows the skin displacement normal to the skin of the stimulated face compared to the non-stimulated face. The displacement variations are represented in terms of colours, with + and -indicating the protrusions and depressions of the skin respectively. The plot was obtained by first, aligning the images reconstructed from 3D stereo vision data (obtained using NEC Danae 100SP) and then, comparing the surface locations with respect to the non-stimulated face. Aligning was done by matching the craniofacial landmarks: frontotemporale (ft), nasion (n), frontozygomaticus (fz), sellion(s), endocanthion (en), exocanthion (ex), orbitale superius (os), maxillofrontale (mf), zygion (zy), subnasale (sn) and pogonion (pg) [15] of the two images: stimulated and non-stimulated. The + and -valuse at the bottom of each sub-figure shows total proturded and depressed vol- umes, respectively.
Current Controlled Facial Expressions
A facial expression is resulted from the total or partial activation of one or more AUs simultaneously. In order to generate partial activations, it is required to model the firing system, so that it could be reproduced credibly. For the electrode pair (16-6), using a 3D imaging device (NEC Danae 100SP), we recorded the muscle contraction, to be precise, the skin surface location data, against the stimulation current and calculated the corresponding volumetric skin displacement from the 3D surface data. Figure 4 shows the skin displacement comparison normal to the skin for the 6 stimulation current steps. For each current step, the pair of figures (top and bottom respectively) shows the skin displacement in [mm] with + corresponding to the popping out of skin from the neutral face, and the corresponding 3D image for the final stimulation. As it can be seen from the surface data comparisons of the figures, the skin change shows a clear correlation with the stimulation current. In order to evaluate the nature of this relationship, we employed the area filters in figure 5 and calculated the surface difference volumes for each region. Figure 6 shows the volumetric change of protruded and depressed skin displacements for the four regions R 1 , R 2 , R 3 and R 4 against the stimulation current. For all the regions, the protruded volumes showed a consistent trend with the stimulation current. However, the depressed volume did not show such a correlation with the stimulation current.
Multi-channel Stimulation
In order to produce facial expressions, it is required to have selective and simultaneous innervation of multiple electrodes. We conducted a multichannel stimulation to evaluate the possibility of combining AU like muscle contractions generated through selective stimulation by firing two pairs of electrodes simultaneously. Figure 7 shows the results of separate and simultaneous stimulation of electrode pairs (2-8) and (6-16). The numerical values for the top row indicate the total protruded and depressed volumes for the comparison against the neutral face.
We assumed the volumetric muscle contraction is a functionφ of electrode pair location P , the stimulation current I, the stimulation pattern g(t) and the stimulation frequency f (t). Hence,φ =φ(P, I, f, g). When g(t) and f (t) were kept fixed, this could be simplified aŝ φ = φ(P, I). By defining the column matrix φ(P ij ,
T = φ ij,k as the protruded (φ + ij,k ) and the depressed (φ − ij,k ) volumetric measurements of muscle contraction due to electrode position P ij for array location (i-j) and its corresponding stimulating current I k respectively, we tried to find the existence of a combining function ψ which determines the results of simultaneous stimulation of φ ij,k and φ lm,n as: Here, ij and lm are the two electrode pair location indexes and k and n are their stimulation current indexes respectively. For the five regions: R 1 , R 2 , R 3 , R 4 and R 5 , we calculated the protruded and depressed volumetric changes between the neutral and electrically stimulated faces separately with stimulated face being either (2-8), (6) (7) (8) (9) (10) or {(2-8) + (6-16)} and evaluated the {(2-8) + (6-16)} against (2) (3) (4) (5) (6) (7) (8) and (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . By assuming a linear relationship of the form:
For which
For protruded or depressed volume at any region R r (r:1→5), with a sum of squared error SSE = 0.03 and a square of the correlation between two stimulations R-square = 0.99, we found:
where ε = a 2 = 0.01.
Discussion
In all the cases, stimulations were done at the left hand side of the face (right hand side of face figures). However, as it can be seen from figure 3 , as a result of the excessive tension in the ipsilateral face due to the ES, a significant amount of depression can be observed at the contralateral face. This draws similarities with the disfigurement in the hemifacial paralysis, where the opposite is happened due to the lack of muscle tension in the ipsilateral face. Hence, ENS could most probably be used to eliminate the ipsilateral drooping in hemifacial paralysis.
As it can be seen in first column of figure 3 , the two stimulation pair locations (1-7) and (4-16), which are seemingly un-correlated with respect to the position has resulted in totally different focus areas as well as despite having the lesser stimulation current (1.6 [mA] against 2.0 [mA]), (4-16) has resulted in producing the larger volumetric displacement. In the middle column, (6-12) and (8-10) represents a diagonal selection of adjacent electrodes, but (8-10) has a grater effect in terms of skin displacement for lesser stimulation current. The right most column of figure 3 shows the effects of change of polarity. Although both were against a same stimulation current, (6-16) shows a larger displacement with significant activity in zygomaticus minor and zygomaticus major regions. This indicates that for a given electrode location, the resulting skin deviation pattern depends on all three parameters: the location, the stimulation current and the anode and the cathode connections.
As it can be seen from figure 6, for the current based control of electrically stimulated facial expressions, all the focal regions for protruded volume maintained a consistent trend against the current with regions R 1 , R 2 , and R 4 gradually increasing and region R 3 remaining flat. This implies that once the electrode pair for the region of interest is localized, it is possible to control the amount of displacement of that region alone by controlling the stimulation current. Lack of any such correlation for the depressed volume could be due to the fact that ES on (16-6) primarily tried to pull the skin of the contralateral face up which does not allow depressions in the contralateral face where the volumetric changes were measured. This can be observed from figure 4 where depression within the filtering area mainly resulting in a wrinkle which gets sharper with the stimulation current.
As it can be seen from eq. 3, with a high level of confidence, effects of multiple stimulation can be expressed as a linear combination of effects of each individual stimulation. This confirms the possibility of generating facial expressions by decomposing it in to basic muscle units. Despite displaying a strong correlation, of the simultaneously stimulated face, we found that the absolute amplitude of total volumetric displacements to be less than that of either of the single stimulations. This could be due to habituation or muscle fatigue and more subjects will be required confirm it.
Conclusion
This paper presented the use of a 28×28 [mm] 4×4, 16 point platinum array electrode to generate facial expressions through electrical nerve stimulation. Due to aesthetics, in this study the electrode array was place away from the facial muscles and therefore, in order to obtain proper muscle contractions, selective stimulations were employed.
With selective stimulation on a healthy male subject, we found electrode pairs in the array can be distinguishably mapped in to muscle action units on the face. We also found this mapping depends both on the location and the anode cathode connection of the selected pair of electrodes. Furthermore, we found that the amount of muscle contraction could be controlled linearly by controlling the stimulation current. We also found that an effect similar to superposition of multiple stimulations can be reproduced by stimulating those individual electrodes simultaneously. Since all the experiments were done on a single subject, validation on multiple subjects is still needed.
